Summary The effect of dietary copper deficiency on tumour growth, neovascularisation and microvascular integrity was studied in the rat cremaster muscle. Male, weanling Sprague-Dawley rats were fed purified diets which were copper deficient (<0.5 ig g-' of diet) or copper adequate (5 tg g-' of diet). Seven Angiogenesis occurs physiologically in wound healing and in the endometrium. It also occurs in a variety of pathological disorders including diabetes, rheumatoid arthritis, and psoriasis. In addition, there is now considerable experimental evidence that tumour growth and metastasis are also dependent on angiogenesis (Folkman, 1990) .
Angiogenesis occurs physiologically in wound healing and in the endometrium. It also occurs in a variety of pathological disorders including diabetes, rheumatoid arthritis, and psoriasis. In addition, there is now considerable experimental evidence that tumour growth and metastasis are also dependent on angiogenesis (Folkman, 1990) .
A number of factors may modulate the development of new blood vessels in response to angiogenic stimuli (Folkman & Klagsbrun, 1987) . In particular, copper deficiency was shown to inhibit angiogenesis in the rabbit cornea induced by prostaglandin E and BALB/C fibroblasts (Ziche et al., 1982) . More recently, Brem and co-workers found that a copper deficient diet combined with the copper chelating agent penicillamine inhibited growth of VX2 carcinoma in the brain. Tumours in the rabbit brain remained in an avascular state and failed to develop beyond small nodules. Similar results were observed in the growth and development of rat 9L gliosarcoma (Brem et al., 1990a and b) .
The only report of the effect of copper deficiency in tumours outside the brain was recently presented (Brem et al., 1990a) . In contrast to the brain, where copper deficiency and penicillamine inhibited angiogenesis and tumour growth, there was no inhibition when the same tumour was implanted in the thigh muscle of the same animals. Furthermore, there is limited reported data on the effects of dietary copper deficiency alone (without penicillamine) on tumour angiogenesis (Brem et al., 1990a ).
In the current study, the effect of diet-induced copper deficiency alone on neovascularisation, microvessel integrity, and growth of an experimental sarcoma was studied in striated muscle. The tumour was implanted into the rat cremaster muscle and the microcirculation was observed in vivo by television microscopy and structurally by light and electron microscopy. (Johnson & Saari, 1991) .
Materials and methods

Thirty
A transplantable rat chondrosarcoma was implanted into the cremaster muscle by the following procedure (Reed et al., 1989) coil was used to maintain the bath at 36 ± 0.5°C. Animals were placed on a heating pad to maintain rectal temperature at 35 to 37°C.
The animal and tissue bath were positioned on a modified stage of a Leitz fluorescent microscope so that the cremaster, which is approximately 200-250 gim thick, could be observed by transmitted light or fluorescent microscopy. A closed circuit television system was used to monitor the experiments which were recorded on videotape for later analysis. The magnification of the system was determined by using a stage micrometer to allow for vessel diameter measurements. The emission intensity of fluorescein isothiocyanate tagged to bovine serum albumin (FITC-BSA) was used to assess macromolecular leakage and as an index of vascular integrity .
Following the surgical preparation and preceding each experiment, there was a 1 h equilibration period. After the equilibration period, FITC-BSA (0.2 ml 100g-1) was injected intra-arterially in the 5 and 10-day post-implantation groups. The 20-day animals were omitted from the macromolecular leakage studies because of difficulty in preserving an intact tumour during dissection from the surrounding connective tissue when the tumour had enlarged. To study spontaneous macromolecular leakage from the tumour microcirculation, a region adjacent to a small tumour venule (20-301im) was studied immediately after FITC-BSA administration and again 20min later. At each time, fluorescent images were recorded during brief epi-illumination with blue light (450-490 nm) from a mercury arc lamp.
For analysis of macromolecular leakage, the fluorescent image was digitised by a PC VISION PC PLUS image analysis system. Using this system the image was digitised to pixels of varying gray level (gray levels range from zero to 255 with zero being black and 255 being white). The data were then converted to a histogram showing the number of pixels of each gray level within the image. From the histogram data, an average gray level was calculated for each image. This gray level was expressed as fluorescent intensity units and provides an index of macromolecular leakage in the area of interest .
At the end of the in vivo experimentation, the size and wet weight of the tumour were recorded and specimens were taken for light and electron microscopy. Light microscopy specimens were fixed in buffered formaldehyde, dehydrated through graded alcohols and mounted in paraffin blocks. The paraffin blocks were then step sectioned at 5 ltm intervals, placed on glass slides, and stained with routine hematoxylin and eosin. The angiogenic response was assessed semiquantitatively by determining vascular density per high power field in the area of maximum vascular density (Brem et al., 1972 (Figure 1 ). However, an extended time on the copper deficient diet did not significantly alter liver copper content from that seen at 5 days. Dietary copper deficiency did not cause changes in body weight, heart rate, or blood pressure (Table II) .
In vivo experimentation did not demonstrate a difference in spontaneous macromolecular leakage from the tumour vasculature between the groups. Interstitial gray level within 1 min after FITC-BSA injection was not different between CuA and CuD groups (Figure 2 ) in either the 5 or 10-day groups. There was also no difference in gray level between groups 20 min after FITC-BSA injection. Analysis of the correlation between copper content and macromolecular leakage by linear regression gave a correlation coefficient of 0.54 which -was not statistically significant.
Dietary copper deficiency did not to alter the rate of growth of the tumour at any of the times tested (Figure 3 ). There was also no difference in the vascular density during the development of the tumour (Figure 4) Results from experimentation with the cornea demonstrate that tissue copper levels increase prior to angiogenesis (Ziche et al., 1982) . Copper was previously shown to complex with fibroblast growth factor (FGF) (Shing, 1988) , heparin, and ceruloplasmin (Raju et and augmentation of endothelial locomotion in vivo (McAuslan & Reilly, 1980) are also copper-dependent. Recently, evidence for inhibition of angiogenesis and tumour growth by copper depletion was presented. These studies included several types of human brain tumours implanted in rabbit cornea (Alpern-Elran & Brem, 1985) , 9L gliosarcoma in rat brain (Brem et al., 1990a and b) , and VX2 carcinoma in rabbit brain (Brem et al., 1990a) . In these studies, the animals were made copper deficient by dietary restriction of copper intake and the addition of the copper chelator penicillamine.
In contrast to these previous studies, we now report that a significant, diet-induced copper deficiency (Figure 1 ) does not alter tumour growth or angiogenesis in striated muscle. Tumour weight (Figure 3 ), microvascular density (Figure 4) , and morphology were not influenced by dietary copper. There were also no differences in body weight, blood pressure, or heart rate in the CuD animals compared to controls (Table II) .
In addition to tumour and blood vessel growth parameters there was no physiologic (Figure 2 ) evidence for a difference in tumour vasculature between CuA and CuD animals. Vascular integrity as assessed by macromolecular leakage was not different between the tumours of the CuA and CuD animals. While some tumours show an enhanced leakage with time, the chondrosarcoma was previously shown to have a relatively intact and 'non-leaky' vasculature (Heuser & Miller, 1986) . In this study, copper deficiency did not alter the leakage characteristics of this tumour model (Figure 2) .
There are several possible reasons for the differences seen in the present data compared to prior work with copper deficiency. The current study was done in animals made copper deficient by restriction of dietary intake of copper but without the addition of penicillamine. Since penicillamine has been shown to inhibit angiogenesis (Matsubara et al., 1989) independent of its role as a copper chelator, it may have a role in the restriction of angiogenesis and tumour growth that has been attributed to copper deficiency.
Susceptibility to copper-deficiency may be tumour-specific. Tumour angiogenesis was previously shown to be dependent on the type of tumour implanted (Alpern-Elran & Brem, 1985) . Their study demonstrated the inhibition of angiogenesis in some but not all human brain tumours implanted in the rabbit cornea of copper-depleted, penicillamine-treated rabbits.
Tumour angiogenesis also was shown to be host tissuedependent. Brem et al. (1990a) reported that copper depletion and penicillamine treatment failed to inhibit tumour growth and the vascularisation of the VX2 carcinoma in the rabbit thigh muscle while inhibition of tumour growth was present in the brain. This finding combined with ours may indicate that angiogenesis is copper-dependent in the CNS but not elsewhere.
Differences in the duration of copper deficiency prior to tumour implantation between the present study and previous work (1 vs 6 weeks) may be another possible explanation for the difference in reported results. Farquharson et al. (1989) proposed that tissue-specific cuproenzymes exist with different copper requirements for activity. There is also evidence for organ-specific uptake of copper (Pickart, 1983) . This suggests that there is varying susceptibility of copper-dependent enzymes to copper deficiency. However, copper deficiency of the duration and level achieved in the present study has been previously shown to cause both biochemical and physiological alterations.
Endothelium-dependent and -independent vasoactive responses are significantly reduced after periods ranging from 17 to 27 days on the same copper deficient diet (Schuschke et al., 1992) . In addition, the same diet, within 1 week, produced a significant depression of plasma copper and liver copper concentration and reduced Cu,Zn-superoxide dismutase activity and within 14 days cytochrome c oxidase activity was depressed, iron status was reduced and there was significant anaemia. Within 21 days on the copper deficient diet there was significant cardiac hypertrophy (Johnson & Saari, 1991) . Thus, while 7-21 days of this copper deficient diet has produced considerable alterations of normal tissues, there were no discernible effects on the tumour microcirculation in this study.
Based on results from the current study and other published reports, it appears that copper has a differential role in neovascularisation and tumour growth. The data suggest that the involvement of copper is either tumour-specific or host tissue-specific and it is likely that the interaction of the two tissues determine the final angiogenic and growth characteristics.
